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Abstract 

Maternal metabolic and nutrient trafficking adaptations to lactation differ among lean and obese mice fed a high fat (HF) 
diet. Obesity is thought to impair milk lipid production, in part, by decreasing trafficking of dietary and de novo synthesized 
lipids to the mammary gland. Here, we report that de novo lipogenesis regulatory mechanisms are disrupted in mammary 
glands of lactating HF-fed obese (HF-Ob) mice. HF feeding decreased the total levels of acetyl-CoA carboxylase-1 (ACQ, and 
this effect was exacerbated in obese mice. The relative levels of phosphorylated (inactive) ACC, were elevated in the 
epithelium, and decreased in the adipose stroma, of mammary tissue from HF-Ob mice compared to those of HF-fed lean 
(HF-Ln) mice. Mammary gland levels of AMP-activated protein kinase (AMPK), which catalyzes formation of inactive ACC, 
were also selectively elevated in mammary glands of HF-Ob relative to HF-Ln dams or to low fat fed dams. These responses 
correlated with evidence of increased lipid retention in mammary adipose, and decreased lipid levels in mammary epithelial 
cells, of HF-Ob dams. Collectively, our data suggests that maternal obesity impairs milk lipid production, in part, by 
disrupting the balance of de novo lipid synthesis in the epithelial and adipose stromal compartments of mammary tissue 
through processes that appear to be related to increased mammary gland AMPK activity, ACC inhibition, and decreased 
fatty acid synthesis. 
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introduction 

Nutrition during fetal and neonatal periods impacts the risk of 
developing chronic adult diseases and disorders, such as diabetes 
and obesity [1^]. Breast milk, which is considered the "gold 
standard" for neonatal nutrition, has been linked to numerous 
health benefits for human infants, including reduced risk of 
developing obesity [5]. It has been reported that maternal obesity 
can interfere with the ability to initiate and sustain lactation [6,7], 
minimizing the potential benefits of breastfeeding for developing 
infants. Breast milk lipids provide a major source of calories and 
essential fatty acids necessary for membrane synthesis and 
neonatal brain development [8-10]. Preclinical evidence suggests 
that high fat (HF) feeding and/or obesity may delay mammary 
gland development [11,12], and reduce the transfer of essential 
fatty acids to offspring through milk [3,9,13]. Consequently, diet- 
or obesity- induced defects in lactation and/or milk lipid produc- 



tion pose potential risks for growth or developmental abnormal- 
ities in breastfed offspring. 

Milk lipid synthesis is a tightly regulated process [14,15]. 
Although it is highly variable among species, within a given species 
the total concentration of milk lipids is thought to be relatively 
constant under normal conditions, if nutrition is adequate [14]. 
Previous studies have shown that the fatty acid composition of milk 
lipids is influenced by the content and composition of dietary fat 
[3,14], and both dietary and de novo synthesized fatty acids are 
found in milk lipids [3,14]. In mice, there is a progressive increase 
in the amounts of de now synthesized fatty acids in milk lipids 
during lactation [16], suggesting that the de novo fatty acid synthesis 
pathway is regulated, in part, by the nutritional demands of 
growing neonates. There is also increasing evidence in rodent 
models that high fat diet-induced maternal obesity can alter milk 
lipid concentration [11,13,17-19], suggesting that, in addition to 
neonatal demand, milk lipid production may be influenced by 
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Figure 1. Effects of HF feeding and obesity on milic lipid 
production. Tiie grapiis siiow the effects of HF feeding (LF-fed vs HF- 
Ln+HF-Ob) (A, C, E, G) and obesity (B, D, F, H) on 24 h production of 
total lipids (A, B); de novo synthesized lipids (C, D); and medium chain 
fatty acids (MCFA) (E, F) in milk of dams at L10; and the content of de 
novo synthesized lipids in mammary glands of L10 dams (G, H). (A, B) 
Total milk lipid produced over 24 h. Values were extrapolated from milk 
lipid measured at the end of the study multiplied by the total milk 
produced over 24 h as presented previously [19]. (C, D) The 
incorporation of de novo synthesized lipids into milk lipid was estimated 
from the net retention of content within milk lipid over 24 hours, the 
graph was adapted from Table 2 in reference [19], (E, F) The quantity of 
medium chain fatty acids in milk produced over 24 hours, measured via 
GC mass spectrometry, and expressed as mg/day. (G, H) Mammary 
gland content of de novo synthesized lipids estimated from the 
retention of in the lipid fraction of mammary gland extracts. Values 
are expressed as nCi/g tissue. All data are expressed as means ± SEM 
for 5 animals per group. Statistically significant differences are indicate 
by the following symbols: *p<0.05; **p<0.01; tp<0.003; tP<0.002. 
doi:10.1371/journal.pone.0098066.g001 

dietary factors and/ or maternal metabolism. However, few details 
are known about the nature of these factors, or how they impact 
milk lipid formation. 



The potential of both diet and obesity to influence milk lipids 
complicates efforts to understand the effects of maternal obesity on 
mUk properties, and the possible contributions of maternal 
metabolism to neonatal metabolism through breastfeeding. 
Experimental models that include metabolically normal controls 
exposed to chronic high levels of a dietary fat have been developed 
in mice, rats and Japanese macaques [3,20-23]. Obesity prone 
C57BL/6J mice have proven to be a useful model to distinguish 
between effects of HF diet and obesity on metabolism [19,22]. 
When fed a HF diet, obesity resistant lean (HF-Ln) and obesity 
prone (HF-Ob) mice can be selected for their differential response 
in weight gain and adiposity level. Using this model, we have 
documented that HF-Ln and HF-Ob dams differ from each other, 
and from low fat (LF) fed dams, in their adaptive responses to 
lactation, and that these maternal differences were associated with 
distinct effects on the metabolism and growth rates of their 
neonates [19]. 

In the present study, we pursued a molecular understanding of 
impaired milk fat production in HF-Ob dams. We hypothesized 
that de novo lipogenesis is impaired in HF-Ob mammary glands 
through the inhibition of key lipogenic enzymes resulting in 
decreased amounts of de novo synthesized fatty acid substrates 
available for milk lipid production. High dietary fat levels are 
known to reduce the expression and activity of acetyl-CoA 
carboxylase- 1 (ACC), a prominent regulator ot de novo fatty acid 
synthesis [11,16]. In the mammary gland, ACC expression 
increases during lactation, presumably in response to the need 
for increased milk lipid production [16]. In this study, we 
document differences in the effects of HF diet feeding and obesity 
on adipose and epithelial compositions, and the levels and activity 
of ACC and AMPK, in lactating mouse mammary tissue that hnk 
impaired milk fat production by obese dams to selective inhibition 
of epithelial ACC activity. 

Methods 

Feeding Studies and Experimental Design 

Twenty female C57BL/6J (C57B6) mice were purchased from 
Jackson Labs (Bar Harbor, Maine) at 7 weeks of age. After 1 week 
of acclimation, 5 mice were placed on a defined low fat (LF) diet 
(68% kcal carbohydrate, 12% kcal fat; #D08032201, Research 
Diets, New Brunswick NJ) and 15 mice were placed on a defined 
high fat (HF) diet (34% kcal carbohydrate, 46% kcal fat; 
#D08032202, Research Diets) for the duration of the study 
[19]. The LF and HF diets differed only in their relative amounts 
of carbohydrate (starch) and fat (soy oil) calories. Their total 
caloric contents and other nutrients and micronutrients were 
identical. Mice were housed in faciUties at the Anschutz Medical 
Campus's Center for Comparative Medicine with free access to 
food and water for the study's duration (22-24°C; 12:12 h light- 
dark cycle). The University of Colorado Anschutz Medical 
Campus Institutional Animal Care and Use Committee approved 
all procedures and housing conditions used in the study. 

Mice fed the LF diet were classified as LF lean controls and are 
referred to as the LF-fed group. Following 3 months on the study 
diets, body composition analyses were performed by quantitative 
magnetic resonance (QIVlR; EchoMRI-900 Whole Body Compo- 
sition Analyzer; Echo Medical Systems, Houston, TX) and mice 
fed the HF diet were separated into HF lean (HF-Ln) or HF obese 
(HF-Ob) groups according to their body weights (Figure SI A) and 
adiposity (body fat) (Figure SIB) as previously described [19]. With 
this model, we were able to independently address the effects of a 
HF feeding and obesity on mUk composition and mammary gland 
properties. The effects of HF feeding were determined by 
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Table 1. Milk fatty acid composition. 







LF-fed 


HF-fed 


p value (HF feeding) 


HF-Ln 


HF-Ob 


p value (Obesity) 


n 


5 


9 




5 


4 




8:0 


0.35±0.04 


0.3 ±0.02 


0.13 


0.3 ±0.02 


0.3 ±0.06 


0.38 


10:0 


5.8 ±0.5 


4.5 ±0.24 


0.01 


4.6±0.4 


4.3 ±0.3 


0.59 


11:0 


0.39 ±0.09 


0.2±0.02 


0.01 


0.2 ±0.04 


0.2±0.01 


0.72 


12:0 


10.0±0.7 


6.8±0.4 


0.00 


6.8 ±0.7 


6.8±0.2 


0.94 


14:0 


12.3 ±0.6 


8.7±0.5 


0.00 


8.8 ±0.9 


8.6±0.4 


0.83 


14:1 


0.24±0.03 


0.05±0.03 


0.00 


0.06 ±0.04 


0.05±0.05 


0.89 


16:0 


23.7±0.9 


16.4±0.8 


0.00 


15.7±0.7 


17.4±1.9 


0.34 


ie:1t 


0.25 ±0.02 


0.2±0.02 


0.08 


0.18±0.01 


0.23±0.03 


0.18 


16:1 


3.0±0.2 


1.2 ±0.2 


0.00 


1.2±0.1 


1.4±0.4 


0.48 


17:1 


0.03±0.04 


0.16±0.03 


0.02 


0.2 ±0.01 


0.1 ±0.07 


0.06 


18:0 


1.7±0.1 


2.1 ±0.09 


0.02 


2.1 ±0.1 


2.1 ±0.2 


0.86 


18:1 oleic 


21.3±1.2 


18.0 ±0.6 


0.01 


17.8±1.1 


18.3±0.4 


0.66 


18:1 vaccenic 


3.1 ±0.2 


1.5 ±0.04 


0.00 


1.5 ±0.05 


1.6±0.07 


0.56 


18:2 


14.1 ±0.4 


32.4±0.9 


0.00 


32.9±1.5 


31.8±1.4 


0.60 


18:3 


1.2 ±0.03 


2.8±0.09 


0.00 


2.9±0.1 


2.8±0.2 


0.52 


18:3 gamma 


0 


0.2±0.05 


0.02 


0.25 ±0.08 


0.1 ±0.08 


0.23 


20:1 


0.72±0.09 


0.4±0.02 


0.00 


0.4 ±0.02 


0.4±0.05 


0.93 


20:2 


1.1 ±0.09 


1.6±0.1 


0.01 


1.6±0.08 


1.5±0.2 


0.47 


20:3 gamma 


0.62 ±0.04 


0.9±0.04 


0.00 


0.9±0.05 


0.8±0.06 


0.34 


20:4 


0.5±0.03 


0.9±0.04 


0.17 


0.96±0.08 


0.9±0.02 


0.38 


22:1 


0 


0.08±0.04 


0.17 


0.15±0.07 


0 


0.07 


22:4 


0 


0.15±0.07 


0.10 


0.22 ±0.1 


0.06±0.07 


0.24 


22:5 n3 


0 


0.03±0.03 


0.48 


0 


0.06±0.07 


0.29 


22:6 


0 


0.2±0.08 


0.10 


0.17±0.1 


0.2±0.1 


0.84 


24:0/20:5 


0 


0.2±0.07 


0.05 


0.22 ±0.1 


0.2±0.1 


0.81 



LF-fed: Low fat lean dams; HF-fed: HF-Ln-I-HF-Ob dams; HF-Ln: High fat lean dams; HF-Ob: High fat obese dams. 
Data expressed as % of the total milk lipid. 

The effect of HF feeding = LF-fed vs. HF-fed and the effect of obesity = HF-Ln vs. HF-Ob. 
Significance was assumed when p value <0.05. 
doi:1 0.1 371 /joumal.pone.0098066.t001 



averaging results of the two groups of HF fed animals (HF-Ln-I- 
HF-Ob) and comparing them to average values of the LF-fed 
group. The effects of obesity within the context of a HF feeding 
were determined by comparing average results of the HF-Ln 
group with those of the HF-Ob group. Following body compo- 
sition analysis, estrous was induced in mice from each group and 
they were mated to C57BL/6J males. All mice were housed two 
per cage and pregnant mice were transferred to individual housing 
toward the end of pregnancy (PI 8). After parturition, litters were 
normahzed to 5 pups. Dams and pups were studied at mid- 
lactation (lactation day 10, (LIO)). A comprehensive analysis of 
maternal and neonatal morphometric and metabolic characteris- 
tics have been previously published [19]. 

Tissue and Milk Collection 

To assess the net retention of de novo synthesized lipid in milk 
and mammary gland tissue an intraperitoneal (LP.) injection of 
100 |xCi ■^H20 was given two hours before the beginning of the 
final dark cycle (L9), allowing time for the tracer to equilibrate 
with body water [24] . At the end of the subsequent light cycle 
(LIO), lactating dams were anesthetized by LP. injection of Avertin 
(250 mg/Kg #T48402 Sigma-Aldrich Corp; St. Louis, MO) and 



milk letdown was induced with an injection of oxytocin (200 USP 
units/Kg VetOne, #NDC 13985-039-02). Milk was removed 
under gentle vacuum and stored at — 20°C for analysis. Mammary 
tissue was removed from animals euthanized by cervical disloca- 
tion, weighed, and flash-frozen in liquid nitrogen or processed for 
histology or immunofluorescence analysis. 

Serum Analysis 

Colorimetric assays were used to measure serum non-esterified 
free fatty acids (NEFA) (Wako Chemicals USA, Richmond, VA), 
glucose and triglycerides (TAGs), (TR 15421 and TR22321, 
respectively, Thermo Fisher Scientific, Waltham, MA). Concen- 
trations of insulin and leptin were simultaneously measured in 
serum using the Milliplex Map Mouse Serum Adipokine 
Immunoassay (MADPK-7 lk-04, Millipore, Billerica MA). 

Milk and Mammary Gland Lipid and Tracer Analysis 

To measure total lipid content and radioactively labeled lipids in 
the milk, lipids were extracted and quantified from 25 |J.l of milk 
using the Dole's extraction mixture (isopropanol: heptane: IN 
H2SO4, 40:10:1) [25]. Milk lipid extractions were dried down 
under nitrogen gas and the weight of lipid was recorded. These 
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lipid samples were then suspended in scintillation fluid and the 
incorporation of into lipid was measured with a Beckman 
LS6500 scintillation counter (Beckman Coulter Inc., Brea CA) 
using an internal quench correction. Lipids were also extracted 
from pulverized frozen mammary glands with chloroform- 
methanol (2:1, vol/vol) [26]. Phases were separated with the 
addition of H2SO4 and centrifugation. The lower phase was 
collected and allowed to dry to completion under nitrogen gas and 
suspended in scintillation fluid for content analysis. For milk 
and mammary gland tissue, was measured in disintegrations 
per minute (dpm) and converted to either microcuries (nCi), or 
nanocuries (nCi), respectively. Mammary gland tracer content is 
expressed as nCi per gram lipid. 

To estimate the total milk lipid and the total de novo synthesized 
lipid that was produced lactating dams over the 24 hr study, the 
amount of lipid (per ml of milk) measured at the end of the 24 hr 
study was multipKed by the total volume of milk produced over the 
24 hr. Milk volumes were estimated from milk composition and 
milk energy output as described previously [19]. 

Milk Fatty Acid Analysis 

Fatty acids in milk were analyzed by gas chromatography at the 
University of Wisconsin using previously describc-d methods [27]. 
In some samples, 14:0 peaks were obscured by, and could not be 
differentiated from, a large background peak. For these samples, 
we estimated 14:0 fatty acid content from the contents of 10:0 and 
12:0 fatty acids using the approach of Silverman et al [28], which 
showed that the content of the 14:0 fatty acids relative to the total 
pool of 10:0, 12:0, and 14:0 fatty acids in milk lipid was constant 
(approximately 46%), and independent of dietary fat content. We 
validated this approach using data from samples free of the artifact 
peak, showing that the 14:0 fatty acid content of milk was 
43.6±0.1% of the total content of 10:0,12:0 and 14:0 fatty acids. 

Immunoblot Analysis 

Frozen mammary samples were homogenized on ice with glass 
on glass grinding tubes in homogenization buffer (20 mM Tris- 
HCl, pH 7.4; 150 mM NaCl; 1% NP-40; 20 mM NaF; 2 mM 
EDTA, pH 8.0; 2.,5 mM NaPP; 20 mM b-glycerophosphate; 1% 
glycerol; ddH20) plus protease and phosphatase inhibitors 
(Aprotinin, Leupeptin, Peptstatin, AEBSF, PlCl, P1C2). Protein 
concentration was measured using the DC Protein Assay Kit 11 
(Bio-Rad # 500-0112). 50 |J,g amounts of total protein were 
separated on 7.5% SDS-polyacrylamide gels (Criterion precast 
gels, BioRAD #,345-0005), transferred to a 0.2 |J.m nitrocellulose 
membrane (Bio-Rad #162-0112), and probed with the 1/1000 
dilutions of rabbit antibodies to: Perilipin 2 (Plin2/ADPH) [29], P- 
ACCSer79 (Cell Signaling, Danvers, MA), ACC (CeU Signaling), 
AMPK (Cell Signaling), P-AMPKThrl72 (CeU Signahng) and 
Fatty acid synthase (FAS) (Cell Signaling). Corresponding horse- 
radish-peroxidase-conjugated secondary antibodies (Sigma 
#A0545) were used at 1/5000 dilution. Bands were detected 
with SuperSignal West Pico ChemUuminescent substrate (Thermo 
Scientific #34080) and quantified by chemHuminescence detec- 
tion using a 16-bit cooled CCD camera and Image Lab ® software 
(ChemiDoc XRS; Bio-Rad Laboratories, Hercules, CA). Chemi- 
luminescence data were collected at multiple exposure times and 
were verified to be within the linear response range for all 
experiments. Immunoblot images used in figures were obtained by 
exposing immunoblots to X-ray film. 

Histology and Immunohistochemistry 

Freshly dissected mammary tissue sections were processed for 
hematoxylin and eosin (H&E) staining and confocal immunoflu- 



orescence microscopy (IF) as described previously [29]. Briefly, 
H&E Images were captured on an Olympus BX51 microscope 
equipped with a four megapixel Macrofire digital camera 
(Optronics, Goleta, CA) using the PictureFrame Application 2.3 
(Optronics, Goleta, CA). All images were cropped and assembled 
using Photoshop CS2 (Adobe Systems Inc. Mountain View, CA). 

Sections stained with H&E were also used for quantifying the 
relative proportions of glandular and adipose compartments in 
mammary tissue, and for analysis of adipocyte size range. The 
remainder of the slides were deparaffinized and processed for 
immunohistochemical analysis [29]. The sections were immuno- 
labeled with the specific primary antibodies described above at the 
following dilutions: Plin2 (1:100); ACC (1:100); P-ACC-Ser79 
(1:100); FAS (1:100). Sections were stained with antibodies to 
perilipin 1 (#20R-pp004 Fitzgerald, North Acton MA) at a 
dilution of 1:100 to identify mammary' adipocytes [29]. Immuno- 
reactivity was visualized using secondary antibodies conjugated 
with Alexafluor 488 or Alexafluor 594 (Molecular Probes, Eugene 
OR) at dilutions of 1:500 and 1:250 respectively. Nuclei were 
stained with 4',6-diamidino-2-phenylindole (DAPI, Sigma Chem- 
ical Company, St Louis, MO). 

Image Analysis 

H&E stained sections (5 images from 5 mice/group) were 
captured using an Aperio Scanscope XT at digital resolutions of 
0.43 microns/pixel. Representative sections at 5000x5000 pixel 
dimensions were exported from the Aperio SVS file format to a 
Tiff file format for subsequent processing. Exported images were 
processed inside Adobe Photoshop, highlighting the lumen areas 
for further analysis. Final analysis on pseudo lumen areas was 
performed using a custom written plugin for ImageJ (http:// 
rsbweb.nih.g0v/ij/docs/faqs.html#cite). Briefly, after excluding 
the luminal areas, the glandular and adipose compartments in 
each image were manually identified. The ImageJ plugin 
described above was then used to calculate the percentages of 
glandular and adipose tissue in each gland. Averages and SEM 
values were calculated from 5 randomly chosen mammary gland 
sections per mouse in treatment groups consisting of 5 mice. 
Adipocyte size was measured in these sections manually using the 
measure tool in Photoshop. 

Immunofluorescence images were captured on a Nikon Diaphot 
fluorescence microscope and digitally deconvolved using the No 
Neighbors algorithm (Slidebook, Denver, CO) as described 
previously [29]. Specific immunofluorescence intensities were 
determined in deconvoluted images using the masking and mean 
intensity functions in Slidebook. Images were converted to TIFF 
files, and processed by Photoshop (Adobe Systems, Inc., Mountain 
View, CA) for publication. 

Statistical Analysis 

Data were analyzed by analysis of variance (SPSS, version 19.0) 
with planned comparisons separately examining the effects of HE 
feeding (LF-fed vs. HF-fed (HF-Ln and HF-Ob)) and obesity in the 
context of HF feeding (HF-Ln vs. HF-Ob). The data are expressed 
as means ± SEM for groups of 5 animals comprising at least two 
separate experiments. Statistical significance was assumed when 
p<Q.Qb. 

Results 

Effects of Obesity on IVlilk Lipid Production 

We documented previously that inducing obesity prior to 
pregnancy in female C57B6 mice by feeding them a high fat diet 
(HF) leads to metabolic alterations during lactation [19]. 
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Figure 2. Effects of HF feeding and obesity on mammary gland tissue morphology and composition. Glandular morphologies, and 
relative epithelial and adipose contents of mammary glands are shown for LF-fed, HF-Ln and HF-Ob dams at L10. (A) Representative images of H&E 
stained mammary glands. Higher magnification images taken from areas outlined by the black boxes are shown in the lower panels. Arrowheads in 
higher magnification images indicate mammary epithelium and stars indicate adipocytes. Graphs in B-D compare the effects of HF feeding (LF-fed vs 
HF-Ln4-HF-0b) and obesity (HF-Ln vs HF-Ob) on mammary gland weights (B), epithelial (white bars) and adipose (grey bars) compositions of 
mammary glands (C), and adipocyte diameters (D). (E) Shows the size distribution range of mammary gland adipocytes expressed as percentage of 
adipocytes with diameters in the ranges of 0-20 |j.m, 20-40 |im, 40-60 jj.m, 60-80 |im, and 80-100 |im. For panel B, values are means ± SEM for 5 
mice per group. For panels C and D, values are means ± SEM, of 5 sections per animal and 5 animals per group. Statistically significant differences are 
indicate by the following symbols: ♦p<0.03; **p<0.01; ttP<0.001. 
doi:1 0.1 371 /journal.pone.0098066.g002 
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Figure 3. Effects of HF feeding and obesity on perilipin 2 levels in mammary glands of lactating dams. Perilipin 2 levels in mammary 
glands of LF-fed, HF-Ln and HF-Ob dams at L10. (A) Representative immunoblot images of Plin2 and p-actin in total mammary gland extracts. (B) 
Chemiluminescence quantification of Plin2 relative to p-actin in mammary gland extracts. The left (HF Feeding) panel compares relative Plin2 levels in 
mammary gland extracts of LF- and HF-fed dams. The right (Obesity) panel compares relative Plin2 levels in mammary gland extracts of HF-Ln and 
HF-Ob dams. The values are means ± SEM for Plin2 normalized to p-actin (N = 5). (C) Representative images of mammary gland sections from LF-Fed, 
HF-Ln and HF-Ob dams at L10 immunostained for Plin2 (green), Plini (red, to identify mammary adipose), and DAPI (blue, to identify nuclei). Boxed 
areas show regions of the mammary epithelium indicated by the wh\te arrows at higher magnification. White arrowheads indicate Plin2 coated CLD 
in mammary epithelial cells. Yellow stars indicate regions of the mammary gland containing adipose. (D) Quantification of the effects of HF feeding 
and obesity on Plin2 immunofluorescence in the mammary epithelium. The left (HF Feeding) panel compares average relative Plin2 IF levels in 
mammary epithelium of LF- and HF-fed (HF-Ln and HF-Ob) dams. The right (Obesity) panel compares average relative Plin2 IF levels in mammary 
epithelium of HF-Ln and HF-Ob dams. Plin2 IF intensities in mammary alveoli were quantified in 5 randomly chosen sections from each animal and 
normalized to the percentage of gland within each section. The values are means ± SEM (N = 5). Statistically significant differences are indicate by the 
following symbols: *p<0.05; ♦ ♦ p<0.02. 
doi:1 0.1 371 /journal.pone.0098066.g003 



Additionally, we demonstrated that HF feeding increased the 
volume of mUk consumed by the litters of HF-fed dams, 
independent of the dam's adiposity level [19]. Surprisingly, we 
found that the total amount of milk lipid produced over 24 hrs by 
HF-Ob dams was only about 50% of that produced by HF-Ln 



dams (Figure IB, ^<0.002), suggesting that maternal obesity 
impairs milk lipid production. In contrast, 24 hr milk lipid 
production did not differ between the LF-fed and HF-fed (HF- 
LnH-HF-Ob) groups (Figure lA), suggesting that HF feeding per se 
did not affect milk lipid production. In light of evidence that mid- 
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Figure 4. Effects of HF feeding and obesity on ACC and P-ACC levels in mammary glands of lactating dams. ACC and P-ACC levels in 
mammary glands of LF-fed, HF-Ln and HF-Ob dams at L10. (A) Representative immunoblots of ACC, P-ACC and p-actin in mammary gland extracts. 
(B-G) Chemiluminescence quantification of ACC (B, C) and P-ACC (D, E) relative to p-actin, and the P-ACC/ACC ratio (F, G) in mammary gland extracts. 
The values are means ± SEIVI (N = 5). Panels B, D and F compare the effects of HF feeding (LF-fed vs HF-Ln+HF-Ob) on relative mammary gland levels 
of ACC (B), P-ACC (D) and P-ACC/ACC (F). Panels C, E and G compare the effects of obesity (HF-Ln vs HF-Ob) on relative mammary gland levels of ACC 
(C), P-ACC (E) and P-ACC/ACC (G). Statistically significant differences are indicate by the following symbols: *p<0.05; ♦ p<0.03; ttp<0.004. 
dor:l 0.1 371/journal.pone.0098066.g004 



lactation growth rates of pups nursing from HF-Ob dams were 
reduced relative to those nursing from HF-Ln dams [19], these 
observations suggests that maternal obesity may interfere with milk 
lipid production and impair the ability of HF-Ob dams to meet the 
energy demands of their litters. 

To further evaluate the effects of obesity on milk lipid 
production, we compared the effects of HF feeding and obesity 
on the content of de novo synthesized Upids in milk and mammary 
tissue in dams at LIO. The total daily production of de novo 
synthesized milk lipids by HF-Ob dams was less than half of that of 
HF-Ln dams (Figure ID, ^<0.01). Consistent with evidence that 
medium chain fatty acids account for the majority of de novo 
synthesized lipids in milk [30], we found that the total daily 
production of medium chain fatty acids (MCFA) were also 
significandy decreased in HF-Ob milk compared to HF-Ln mUk 
(Figure IF, p<0.0\). HF feeding was not associated with changes 
in the amount of de novo synthesized milk lipid (Figure IC) or 
MCFAs (Figure IE), suggesting that maternal obesity, not dietary 
fat content, was responsible for reducing milk fat output. Because 
reduced milk lipids could result from reduced synthesis and/ or 
reduced secretion, we next investigated the effects HF diet feeding 
and obesity on mammary de novo synthesized lipid levels. Figure 1 G 
and H show that both HF feeding and obesity were associated with 
lower de novo synthesized lipid in mammary tissue (/)<0.01, p< 
0.05, respectively). Collectively, data in Figure 1 indicate that the 
reduced lipid levels in milk of obese mice are due to combinations 
of decreased mammary gland de novo lipid synthesis and decreased 
mUk lipid production. 

Milk Fatty Acid Composition 

Table 1 depicts the composition of fatty acids in milk from LF- 
fed, HF-Ln, and HF-Ob dams at mid-lactation as a percentage of 
total milk lipids. Although we did not observe changes in total 
MCFA content associated with HF feeding (Figure IE), there was 
a 30% reduction in the proportion of MCFAs (C:10-C:14) in milk 
samples from HF-fed dams (/)<0.02) compared to LF-fed dams. 
We also found that the proportions of 16:0 (23.7±0.9-LF-fed 
vs.l6.4±0.8-HF-fed) and 16:1 (3.0±0.2-LF-fed vs. 1.2±0.2-HF- 
fed) fatty acids, which can be obtained exogenously or by de novo 
synthesis [16], in milks of HF-fed dams were significantly reduced 
(p<0.001). Long chain fatty acids (C:18 or greater) were enriched 
in milk from HF-fed dams relative to that of LF-fed dams (61.5% 
vs. 44.3%, respectively; /)<0.001). Obesity, did not significandy 
affect the relative fatty acid composition of milk lipids. In 
combination with total mUk lipid data, these findings demonstrate 
that chronic consumption of a HF diet alters the fatty acid 
composition of mUk lipids but does not affect mUk lipid 
production, whereas maternal obesity reduces total mUk lipid 
levels without markedly affecting their fatty acid composition. 

Mammary Gland Morphology 

Diet-induced obesity [11,12] and abnormalities in mammary 
gland lipid metabolism have been linked to formation of immature 
glandular structures in mice [29,31-33]. At the histological level, 
we did not detect obvious dUferences in the glandular (alveolar) 
architectures of lactating LF-fed, HF-Ln or HF-Ob mice 



(Figure 2A). However, we did find a significant increase in the 
weights (Figure 2B, /;<0.0()1), the size of the adipose compartment 
(Figure 2C, p<Q.OQ\), and the average adipocyte diameter 
(Figure 2D, p<Q.Q\) of mammary glands of HF-fed dams 
compared to those fed the LF diet. Obesit}' was not associated 
with increased mammary gland weight, however HF-Ob dams did 
have a slight increase in the amount of epithelial tissue compared 
to HF-Ln dams (Figure 2C, j!><0.03). Although obesity did not 
affect the weight-adjusted size of the mammary adipose compart- 
ment (Figure 2C), it was associated with a significant increase in 
the size of adipocytes (p<0.01. Figure 2D). Comparisons of the 
size distributions of mammary adipocytes from L 1 0 LF-fed, HF- 
Ln and HF-Ob mice (Figure 2E), shows that both HF feeding and 
obesity were associated with shifts to cells with larger diameters. 
Collectively, the results shown in Figure 2 document that HF 
feeding increases the adipose content and the size of the mammary 
gland during lactation, whereas obesity appears to independendy 
affect mammary tissue composition by increasing epithelial mass 
and adipocyte size. 

Effects of Obesity on Glandular Lipid 

The cytoplasmic lipid droplet associate protein, perilipin 2 
(Plin2/adipophUin/ADPH), has been implicated in the regulation 
of milk lipid production and secretion [34]. Previous studies 
showing that Plin2 is selectively expressed by mUk secreting ceUs in 
the mouse mammary gland, and that its protein levels correlate 
with milk lipid production in mice [29], suggest that mammary 
gland levels of Plin2 may represent a useful surrogate of epithelial 
ceUular Upid content. Interestingly, HF feeding, but not obesity, 
was associated with significandy lower Plin2 levels in mammary 
tissue (Figure 3B, /)<0.02). To address the possibUity that the 
variable amounts of adipose tissue found in mammary glands of 
lactating LF-fed, HF-Ln and HF-Ob dams confounded Plin2 
quantification in whole tissue, we used immunofluorescence (IF) 
analysis to specifically estimate glandular epithelial Plin2 levels. In 
agreement with previous studies [29], we found the Plin2 
selectively localized to cytoplasmic lipid droplets in mUk secreting 
epithelial cells of the mammary gland (Figure 3C). Quantification 
of Plin2 IF in mammary epithelial cells is shown in (Figure 3D). 
Unlike estimates of Plin2 levels in total mammary tissue extracts, 
we found that Plin2 IF levels in mammary epithelial cells of LF- 
and HF-fed dams were comparable at LIO. In contrast, we found a 
significant reduction in Plrn2 IF levels in mammary epithelial cells 
of HF-Ob dams compared to HF-Ln dams on LIO (/)<0.05). 
These results suggest that obesity significandy reduced Plin2 levels, 
and by extension the amount of Upid, in the epithelial 
compartment of lactating mice. 

Effects of Obesity on Mammary Gland Acetyl-CoA 
Carboxylase-1 (ACC) Protein Levels and Regulation 

ACC, the rate-limiting enzyme in de novo fatty acid synthesis 
[35], is enriched in lipogenic tissues such as adipose and the 
lactating mammary gland [36,37]. Previous studies have reported 
decreased expression and activity of lipogenic enzymes, including 
ACC, in lactating mammary glands related HF feeding and/or 
obesity [11,15,38]. However, information about specific effects of 
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Figure 5. Effects of HF feeding and obesity on P-ACC and ACC in epithelial and adipose compartments. Panels A and B show 
representative images of mammary gland sections from LF-fed, HF-Ln and HF-Ob dams at L10 immunostained for ACC (green, A) or P-ACC (green, B). 
Mammary adipose was identified by immunostaining with Plini (red) and nuclei were identified by DAPI staining (blue). Panel C shows representative 
higher (600X) magnification monochrome images of mammary tissue immunostained for P-ACC and Plini. Dashed white lines outline epithelial 
compartments; yellow stars indicate areas of adipose, and white arrowheads indicate ACC or P-ACC localization in mammary epithelial cells. Panels D- 
I show quantification of relative ACC (D, G) and P-ACC (E, H) IF levels and P-ACC/ACC IF ratios (F, I) in epithelial (white bars) and adipose (grey bars) 
compartments of mammary glands from LF-fed, HF-Ln and HF-Ob dams at L10. Panels D-F compare the effects of HF feeding (LF-fed vs HF-Ln4-HF- 
Ob) on ACC and P-ACC immunofluorescence. Panels G-l compare the effects of obesity (HF-Ln vs HF-Ob) on ACC and P-ACC immunofluorescence. 
Relative ACC and P-ACC IF levels in each compartment were measured in 5 randomly chosen mammary gland sections and normalized to the 
respective total ACC or P-ACC IF in each section. The values are means ± SEM for sections from 5 animals per group. Statistically significant 
differences are indicate by the following symbols: *p<0.05; ♦ ♦ p<0.02; Ap<0.009. 
doi:1 0.1 371 /journal.pone.0098066.g005 



PLOS ONE I www.plosone.org 



9 



May 2014 | Volume 9 | Issue 5 | e98066 



Obesity and Milk Lipid Synthesis 



HF-fed 



B 



E ^ 



0.8 



0.5 



0.3 



0.0 



m U 

= 1 



0.8 



0.0 



A LF-fed HF-Ln HF-Ob 

AMPK 



P-AMPK 



p-actin 



HF Feeding 





LF-fed HF-fed 



0.5 



0.3 - 






c 


0.8 


E 


o 
n 


0.5 


o 

•4-* 






suai 


Q. 

1 


0.3 


a 




0.0 



Obesity 




HF-Ln HF-Ob 




LF-fed HF-fed 



HF-Ln HF-Ob 



1.0 



0) 2 

55 £ 



0.5 



C 2 
0) < 

^0.0 



LF-fed HF-fed 



G _ 

« 2 



1.5 r 



1.0 



0.5 



c 

'S' 0.0 



HF-Ln HF-Ob 



Figure 6. Effects of HF feeding and obesity on AMPK and P-AMPK levels in mammary glands of lactating dams. (A) Representative 
immunoblots of AIMPK, T172-P-AI\/IPK (P-AMPK) and p-actin in extracts of mammary glands from LF-fed, HF-Ln and HF-Ob dams at L10. (B-G) 
Chemiluminescence quantification of AMPK (B, C) and P-AMPK {D, E) relative to p-actin, and the P-AMPK/AMPK ratio (F, G) in mammary gland extracts. 
Panels B, D, and F compare the effects of HF feeding (LF-fed vs HF-Ln-i-HF-Ob) on relative mammary gland levels of AMPK (B), P-AMPK (D) and P- 
AMPK/AMPK (F). Panels C, E, and G compare the effects of obesity (HF-Ln vs HF-Ob) on relative mammary gland levels of AMPK (C), P-AMPK (E) and P- 
AMPK/AMPK (G). All values are means ± SEM. N = 5 animals per group. Statistically significant differences are indicate by the following symbols: ■p< 
0.04; ttP<0.001. 

doi:1 0.1 371/journal.pone.0098066.g006 
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HF diet and obesity on ACC levels and activity is limited. As 
shown in Figures 4, we found that HF feeding (Figure 4B, p< 
0.004) and obesity (Figure 4C, /;<(). 03) were associated with a 
60% decrease in the relative levels of ACC in mammar\' tissue 
extracts compared to LF-fed and HF-Ln mammary glands, 
respectively. ACC activity is inhibited by AMP-activated protein 
kinase (AMPK) dependent phosphorylation of serine at position 79 
(P-S79-ACC) [36,37]. Although the total amount of P-ACC was 
not significantly effected by HF feeding or obesity (Figure 4D and 
E), the fraction of inactive enzyme (P-ACC/ACC) was signifi- 
cantly greater in mammary gland extracts of HF-Ob dams relative 
to extracts of mammary glands from HF-Ln dams (Figure 4G, jft< 
0.04). In contrast, we did not observe significant differences in the 
fraction of inactive ACC between HF-fed and LF-fed mice 
(Figure 4F). These data document that mammary gland levels of 
ACC are sensitive to dietary fat, and show that obesity is selectively 
associated with both a decrease in total ACC levels and a 
reduction of the fraction of active ACC. 

During lactation, ACC expression and its activity are reported 
to be reduced in adipose tissue [39,40] and increased in the 
mammary epithelium [16,40], presumably to accommodate the 
biosynthetic demands of milk lipid production. To determine if 
tlies(; tissue specific responses arc' altc'rcd iiy HF-feeding or obesity, 
we used IF microscopy to estimate the relative ACC (Figure 5A) 
and P-ACC (Figure 5B) lincls in the adipose and epithelial 
compartments. Consistent with our immunoblot results, total 
mammary gland ACC IF intensity was significantly reduced in 
HF-fed dams compared to the LF-fed controls (data not shown, 
j6<0.004). However, we did not observe significant differences in 
the proportion of ACC (Figure 5D), P-ACC (Figure 5E), or the 
fraction of inactive enzyme (P-ACC/ACC, Figure 5F) in either the 
epithehal or adipose compartments between HF-fed and LF-fed 
dams. 

Obesity was also associated with reduced total mammary gland 
ACC IF intensity (data not shown, p<{).()\). We did not find 
significant effects of obesity on ACC IF levels in the epithc-lial or 
the adipose compartments of mammary glands from LIO dams 
(Figure 5G). However, we did find that obesity was associated with 
a significant increase in the relative P-ACC IF levels in the 
epithelial compartment (/;<0.009), and a significant decrease in P- 
ACC IF levels in the adipose compartment (/)<0.02), of mammary 
glands from dams at LIO (Figure 5H). Comparisons of the P-ACC 
to ACC IF ratios in HF-Ln and HF-Ob dams in each 
compartment (Figure 51) show that the relative levels of inactive 
(P-ACC) in the epithelial compartments of HF-Ob dams were 
significanfly (~60%, /)<0.05) greater than those of HF-Ln dams, 
whereas the relative levels of P-ACC in the adipose compartment 
of HF-Ob dams were significantly (~ 60%, /)<(). 05) less than those 
of HF-Ln dams. Together, these data suggest that olx-sity has 
opposite effects on ACC activities in the epithelium and adipose 
compartments and are consistent with evidence from our tracer 
and milk fat analysis studies indicating that obesity impairs de novo 
milk lipid synthesis in lactating dams. 

Obesity does not Affect Mammary Gland Fatty Acid 
Synthase 

To determine if HF feeding or obesity also disrupt fatty acid 
synthase (FAS), another key player in de novo lipogenesis [41], we 
estimated FAS levels in mammary glands from LF-fed, HF-Ln, 
and HF-Ob dams (Figure S2). Immunoblot analysis indicated that 
relative FAS levels in mammary gland extracts of LF-fed, HF-Ln 
and HF-Ob dams at LIO were similar (Figure S2A). Additionally, 
although we found that the relative FAS IF intensity in the 
epithelial compartment was greater than that in the adipose 



compartment (Figure S2B), we did not detect significant effects of 
HF feeding or obesity on FAS IF levels in either compartment 
(Figure S2C). Thus, unlike ACC levels, mammary gland FAS 
levels in our model do not appear to be sensitive HF feeding or 
obesity. Furthermore, decreases in FAS do not appear to 
contribute to the effects of obesity on milk lipid levels, or 
mammary gland de novo lipid synthesis. 

Obesity Increases Mammary Gland AMPK Activity 

AMPK, a primary kinase regulator of ACC in liver and skeletal 
muscle, is responsible for decreasing ACC activity and inhibiting 
fatty acid synthesis in these tissues [42,43]. To determine if ACC 
phosphorylation in mammary glands of obese dams was associated 
with AMPK activation, we compared the relative levels of total 
AMPK and threonine 172-phosphorylated (activated) AMPK (P- 
AMPK) in extracts of mammary glands from LF-fed, HF-Ln and 
HF-Ob dams (Figure 6). Compared to LF-fed dams, we did not 
detect dififerences in the relative levels of AMPK and P-AMPK in 
mammary gland extracts of HF fed dams (Figures 6B, D, and F). 
In contrast, the relative levels of AMPK (Figure 6C, /><0.001) and 
P-AMPK (Figure 6E, jft<0.04) in mammary gland extracts of HF- 
Ob dams were significantiy elevated over their levels in mammary 
gland extracts of HF-Ln dams. We did not detect significant 
differences in the P-AMPK/ AMPK ratios in mammary gland 
extracts of LF- compared to HF-fed dams (Figure 6F) or in extracts 
of HF-Ln compared to HF-Ob dams (Figure 6G), suggesting that 
the relative activation state of AMPK in mammary tissue is not 
influenced by dietary fat content or obesity. Collectively, these 
data are consistent with the possibility that elevated AMPK 
activity, due to increased AMPK protein levels, may contribute to 
the increased phosphorylation and inactivation of ACC observed 
in the mammary epithelium of HF-Ob dams. 

Discussion 

The energetic demands of lactation induce coordinated changes 
in the metabolic properties of the mammary gland and other 
metabolic tissues to provide the necessary energy and substrates 
for milk production [44]. Previous data suggest that in mice, 
obesity alters maternal metabolism resulting in production of lipid 
poor milk that is associated with the inability of obese dams to 
meet the energy rerjuirements for offspring growth during the 
neonatal period [19]. Our study now provides evidence that 
production of lipid poor milk by obese dams results, in part, from 
selective impairment of ACC activity, and the concomitant 
decrease in fatty acid synthesis, in mammary epithelial cells. 
Moreover, because mammary epithelial cells uniquely synthesize 
only MCFA [45], our data further suggest that the combined 
effects of reduced mflk lipid secretion and impaired fatty acid 
synthesis are likely to be primary contributors to reduced MCFA 
production in milk of obese dams. 

In humans impaired MCFA oxidation is associated with 
neonatal metabolic disorders and elevated morbidity [46], and 
animal model studies have demonstrated that MCFA are more 
readily absorbed by the gut and transported to the liver for 
oxidation than long chain fatty acids (LCFA) [47,48]. These 
observations indicate that MCFA may be the preferred energy 
source for growth in the developing neonate, and suggest that 
reduced MCFA consumption would alter neonatal metabolic 
properties and lead to impaired growth. Although additional 
studies are needed to establish the functional importance of 
MCFA in neonatal growth and metabolism, our data are 
consistent with the possibility that decreased neonatal MCFA 
consumption, due to impaired mammary gland synthesis and milk 
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production, contributes to impaired P-oxidation and neonatal 
growth rates observed in off-spring of HF-Ob dams [19]. It 
remains to be determined to what extent maternal obesity affects 
MCFA in human milk and if altered milk MCFA affect neonatal 
metabolism and growth of human infants. However, evidence that 
MCFA consumption is associated with improved weight control 
and satiety regulation [49], and that the composition of fats 
ingested early in life is a potential determinant of subsequent 
childhood overweight and obesity risk [50], suggest that MCFA in 
breast milk may a modifiable factor that influences human 
neonatal metabolism and health outcomes. 

HF diets are known to be associated with reductions in the 
concentration of de novo synthesized lipids in milk [14]. This is a 
logical adaptive response to the increased availability of preformed 
fats and limited availability of precursors for de novo lipid synthesis. 
A similar argument explains the increase in long-chain fatty acids 
in the milk of HF fed dams relative to those fed the LF diet. 
Beyond substrate availability, the regulatory mechanisms respon- 
sible for this shift in fuel utilization are presumably multifactorial, 
and likely include transcriptional and posttranslational regulation 
of enzymes involved in de novo fatty acid synthesis [16]. Our data 
from HF-Ln dams are consistent with this concept. Importantly, 
our study provides the first evidence suggesting that maternal 
obesity may impair de novo lipid synthesis in the lactating mammary 
gland by AMPK mediated phosphorylation and inhibition of 
ACC. Collectively, our data suggest that the marked reduction in 
milk lipid production observed in obese dams is likely due to the 
inhibition of de novo milk lipid synthesis, which is mediated by the 
compound actions of high dietary fat-dependent reduction of 
mammary gland ACC levels, and obesity-dependent inhibition of 
mammary gland ACC activity through the activation of AMPK. 

Interestingly, we did not observe decreased amounts of FAS in 
mammary glands of dams fed a HF-diet, as was recently reported 
by Rudolph et al [16]. The Rudolph et al study utilized a different 
mouse strain (FV'B), and their dams were fed a HF-diet for only 5 
days, beginning on day 1 7 of pregnancy. At present, it is unclear 
whether such differences contributed to the discrepancy in the 
effects of HF-feeding on mammary gland FAS levels. Nevertheless, 
the absence of significant effects of HF-feeding or obesity on 
mammary gland FAS levels, indicate that differences in FAS levels 
are not part of the mechanism by which obesity affects de novo mSk 
lipid production in our study. Because ACC catalyzes formation of 
malonyl-CoA, which along with acetyl-CoA is one of the two 
substrates used by FAS for fatty acid synthesis [.^1], our data 
suggest that mechanism by which obesity impairs de novo 
lipogenesis in the lactating mammary gland is by reducing 
malonyl-CoA production through posttranslational inhibition of 
ACC. 

As a master regulator of cellular energy and homeostasis, 
AMPK acti\ati()n is known to increase catabolic activity and 
decrease anabolic processes, such as de novo lipogenesis and 
triglyceride synthesis in many metabolic tissues [,52, .^3]. During 
lactation, the mammary gland is one of the most anabolicaUy 
active organs in the body [38,54], and consequently it may be 
particularly sensitive to the catabolic regulation of AMPK. 
Consistent with this assertion, McFadden et. al. showed that 
direct AMPK activation suppressed de novo lipid synthesis and 
triglyceride formation in mammary epithelial cells [55]. Although 
our data support the conclusion that elevated AMPK activity is 
associated with impaired de novo lipogenesis in mammary 
epithehum of obese mice, additional functional studies, using 
pharmacological and/ or genetic approaches to disrupt mammary 
gland AMPK activity, are required to demonstrate a direct 
relationship between these two observations and validate the 



physiological importance of AMPK in regulating de novo lipid 
synthesis in the lactating mammary gland. 

The factors activating AMPK in mammary glands of obese 
dams are unclear at present. Diet-induced obesity has been shown 
to impair AMPK regulation by leptin, insulin, and sympathetic 
neural efferent's in other tissues [56], and aspects of AMPK 
function appear to be restored with weight loss [57,58]. However, 
leptin and free fatty acids, which are elevated in obese individuals 
[59,60] and tend to be higher in lactating obese mice [unpublished 
data), have also been shown to activate AMPK by stimulating its 
phosphorylation [61,62], Finally, the elevated AMPK we observe 
in glands of HF-Ob dams may reflect an energy-deprived state of 
cells that are incapable of producing the energy to meet the costs 
associated with milk production. Consistent with this concept, we 
have previously documented that HF-Ob dams traffic a greater 
proportion of consumed lipids to their liver and visceral adipose, 
potentially leaving the mammary gland deprived of energy [19]. 
However, clarification of the contribution of these and other 
mechanisms behind obesity's effects on mammary AMPK during 
lactation will require additional studies. 

Finally, mammary adipose tissue undergoes marked depletion of 
its lipid stores in response to lactation [14,29,63] at a time when 
there is a corresponding increase in milk lipid synthesis, suggesting 
that functional hnkages exist between adipose and epithelial 
compartments during lactation. Our observations that the adipose 
content of mammary glands is elevated by HF feeding and obesity, 
suggest that high dietary fat consumption may interfere with these 
linkages, impairing lactation-dependent depletion of mammary 
adipose lipid stores. Interestingly, we found that obesity and HF 
diet produced distinct effects on the size of mammary adipocytes, 
suggesting differences in their actions. The attenuation of adipose 
depletion associated with HF feeding in lean dams occurs in the 
context of smaller adipocytes. Thus, our observations in HF-Ln 
dams are consistent with the concept that elevated dietary fat 
reduces the requirement for mobilization of stored fat to provide 
substrates for milk lipid synthesis [14,15,64]. Conversely, large 
adipocytes associated with obesity are less metaboKcally active and 
resistant to lipolytic stimulation [65,66]. Consistent with this 
concept, our data suggests that the large adipocytes observed in 
HF-Ob dams might be resistant to signals that promote the 
adipose lipid mobilization during lactation. Because it is thought 
that such mobilization contributes substrates for milk lipid 
production, our data provide evidence that impaired adipose lipid 
mobilization may be and additional mechanism by which obesity 
contributes to reduced levels of milk lipid. 

The limited degree of ACC phosphorylation in the adipose 
compartment of obese mice stands in stark contrast to that 
observed in the epitheUal compartment. Differences in the 
compartmental regulation of ACC may promote trafficking of 
excess nutrients toward adipocytes, and away from milk producing 
epithelial cells. In agreement with this concept, we showed 
previously that lipid trafficking to visceral adipose tissues was 
increased by obesity [19]. Taken together, these observations 
implicate a failure to mobilize endogenous energy and traffic 
ingested nutrients to milk production as an additional contributor 
to reduced milk lipid levels in obese dams. 

In conclusion, our data identify both impaired de novo fatty acid 
synthesis related to AJvIPK inhibition of ACC activity, and 
disrupted adipose lipid mobihzation as possible mechanisms 
underlying defects in milk lipid content of obese dams. Further 
work will be required to understand the contributions of adipose 
lipid mobilization to formation of milk lipids, and to delineate the 
mechanism(s) by which AMPK is activated by obesity. Impor- 
tandy, the concept that AMPK activity is directly responsible for 
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obesity related decreases in ACC activity and fatty acid syntliesis 
in mammary epitlielial cells needs to be formally tested before it 
can be concluded that this pathway is a primar)- regulator of the 
effects of obesity on mammary gland function. Nevertheless, our 
findings that ATvIPK-activation is associated with decreased de novo 
lipid synthesis, and reduced lipid levels in mammary epithelial 
cells, agree with the known ability of AMPK activation to reduce 
cellular lipid levels by inhibiting de novo lipogenesis and stimulating 
lipid oxidation in other metabolic tissues, such as liver or skeletal 
muscle [62]. Finally, although AMPK activation is generally 
believed to be advantageous in the treatment of metabolic 
disorders, our data suggest that increased AMPK activation in 
mammary glands of obese mice is associated with impaired milk 
Upid synthesis and formation of calorically depleted milk. Thus our 
study raises questions about possible disadvantageous effects of 
AMPK-targeted agents used for treating metabolic disorders on 
milk composition and subsequent infant nutrition for breastfeeding 
women. 

Supporting Information 

Figure SI Effects of HF-feeding on pre-pregnancy body 
weight gains and the body compositions of dams at LIO. 

Eight-week old mice were placed on a low fat (LF) diet (12% kcal 
fat; n = 5) or a high fat (HF) diet (46% kcal fat; n= 15) for the 
duration of the study. (A) Individual body weights were 
determined weekly for 1 1 weeks prior to mating. Based on body 
weight gain over this time, the HF-fed group was separated into 
mice that gained weight in response to the HF diet (HF-Ob; n = 5) 
and mice that were resistant to the HF diet (HF-Ln; n = 5). Five 
mice that showed an "in between" phenotype were removed from 
the study. (B) Body composition was determined on LIO using 
quantitative magnetic resonance. Values are expressed as mean ± 
SEM. Statistically significant differences are indicate by */)<0.05. 
(TIF) 

Figure S2 Effects of HF-feeding and obesity on mam- 
mary gland levels and localization of FAS. (A) Represen- 
tative immunoblots of FAS and P-actin in extracts of mammary 

References 

1. Chen H, Simar D, Lambert K, Mrrcicr J, Morris MJ (2008) Maternal and 
postnatal ovcrnutrition differentially impact appetite regulators and fuel 
metabolism. Endocrinology 149: ,"),348-,')3,'i6. 

2. Cluckman PD, Hanson MA, Becdlc AS, Raubcnheimcr D (2008) Fetal and 
neonatal pathways to obesity. Front Horm Res 36: 61—72. 

3. Gorski JN, Dunn-Meynell AA, Hartman TG, Levin BE (2006) Postaatal 
environment overrides genetic and prenatal factors influencing offspring obesity 
and insulin resistance. AmJ Physiol Regul Integr Comp Physiol 291: R768-778. 

4. Barker DJ (2007) The origins of the developmental origins theory. J Intern Med 
261: 412-417. 

,'). Bartok CJ, Ventura AK (2009) Mechanisms underlying' Ihr association between 
breastfeeding and obesit)'. IntJ Pediatr Obes 4: 196 204. 

6. Rasmussen KAt (2007) Association of maternal obesity liclbre conception with 
poor lactation performance. Annu Rev Nutr 27; 103-121. 

7. Hilson JA, Rasmussen KM, Kjolhede CL (2004) High prepregnant body mass 
index is associated with poor lactation outcomes among white, rural women 
independent of psychosocial and demographic correlates. J Hum Lact 20: 18- 
29. 

8. Guesnet P, Alessandri JM (2011) Docosahexaenoic acid (DHA) and the 
developing central nervous system (CNS) - Implications for dietary recommen- 
dations. Bioehimie 93: 7-12. 

9. Zhao J, Del Bigio MR, Wrilrr \h\ i:2009"; .Maternal arachidonie acid 
supplementation improves neurodevelopment of otlspring from healthy and 
diabetic rats. Prostaglandins Leukot Essent Fatty Acids 81: 349-356. 

10. Giovannini M, Agostoni C, Salari PC (1991) The role of Hpids in nutrition 
during the first montiis of life. J Int Med Res 19: 351-362. 

11. Flint DJ, Travers MT, Barber MC, Binart N, KeUy PA (2005) Diet-induced 
obesity impairs mammary development and lactogenesis in murine mammary 
gland. AmJ Physiol Endocrinol Metab 288: El 179-1 187. 

12. Olson LK, Tan Y, Zhao Y, Aupperlee MD, Haslam SZ (2010) Pubertal 
exposure to high fat diet causes mouse strain-dependent alterations in mammary 



glands from LF-fed, HF-Ln and HF-Ob dams at LIO. (B) 
ChemUuminescence quantification of FAS relative to P-actin in 
mammary gland extracts. The left (HF Feeding) panel compares 

relative FAS le\'els mammary gland extracts of LF- and HF-fed 
(HF-Ln4-HF-Ob) dams. The right (Obesity) panel compares 
relati\ e FAS levels in mammary gland extracts of HF-Ln and 
HF-Ob dams. The values are means ± SEM for FAS normalized 
to P-actin (N = 5). (C) Shows representative images of mammary 
glands from LF-fed, HF-Ln and HF-Ob dams at LIO immuno- 
stained for FAS (green), Plinl (red, to identify adipose) and DAPI 
(blue, to identify nuclei). White arrowheads indicate FAS in 
mammary epithelial cells; dashed white lines oudine epithelial 
compartments, yellow stars indicate areas of adipose. (D) 
Quantification of the effects of HF fet^ding and obesity on relative 
FAS IF levels in mammary epithelial (white bars) and adipose (grey 
bars) compartments of dams at LIO. The left panel (HF Feeding) 
compares average relative FAS IF levels in the epithelial and 
adipose compartments of LF-fed dams with average FAS IF levels 
of HF fed (HF-Ln and HF-Ob) dams. The right panel (Obesity) 
compares average relative FAS IF levels in the epithelial and 
adipose compartments of HF-Ln and HF-Ob dams. FAS IF levels 
were measured in the respective glandular or adipose compart- 
ments in 5 randomly chosen mammary gland sections from each 
animal and normalized to total FAS IF levels in the respective 
section. The values are means ± SEM for 5 animals per group. 
(TIF) 

Aclcnowledgments 

Jessica L. Saben was prexdously Jessica L Wahlig. We appreciate the use of 
core services provided by the Colorado Nutrition and Obesity Research 
Center (NORC, DK48520). 

Author Contributions 

Conceived and designed the experiments: JLS JLM. Performed the 
experiments: JLS ESB. Analyzed the data: JLS MRJ DJO PSM JLM. 
Contributed reagents/materials/analysis tools: JLM. Wrote the paper: JLS 
JLM. 



gland development and estrogen responsiveness. IntJ Obes (Lond) 34: 1415— 
1426. 

13. Aold N, Yamaguchi Y, Ohira S, Matsuda T (1999) High fat feeding of lactating 
mice causing a drastic reduction in fat and energy content in milk without 
affecting the apparent growth of their pups and the production of major milk fat 
globule membrane components MFG-E8 and butyrophilin. Biosci Biotechnol 
Biochcm 63: 1749-1755. 

14. NeviUe MC, Picciano MF (1997) Regulation of milk lipid secretion and 
composition. Annu Rev Nutr 17: 159-183. 

15. Rudolph MC, Neville MC, Anderson SM (2007) Lipid synthesis in lactation: diet 
and the fatty acid switch. J Mammary Gland Biol Neoplasia 12: 269-281. 

16. Rudolph MC, Monks J, Burns V, Phistry M, Marians R, et al. (2010) Sterol 
regulatory element binding protein and dietary Hpid regulation of fatty acid 
synthesis in the mammary epithelium. Am J Physiol Endocrinol Metab 299: 
E9 18-92 7. 

17. Rolls BA, Gurr Ml, van Duijvenvoorde PM, RoUs BJ, Rowe EA (1986) 
Lactation in lean and obese rats: effect of cafeteria feeding and of dietary obesity 
on milk composition. Physiol Behav 38: 185—190. 

18. Rasmussen KAl (1998) Effects of under- and overnutrition on lactation in 
laborator>- rats. J Nutr 128: 390S-393S. 

19. VVahligJL, Bales ES, Jackman MR, Johnson GC, McManamanJL, et al. (2012) 
Impact of high-fat diet and obesity on energy balance and fiael utilization during 
the metabohc challenge of lactation. Obesity (Silver Spring) 20: 65—75. 

20. Jackman MR, MacLean PS, Bessesen DH (2010) Energy expenditure in obesity- 
prone and obcsit\'-resistant rats before and after the introduction of a high-fat 
diet. AmJ Physiol Regul Integr (.^omp Physiol 299: R1097-1105. 

21. McCurdy CE, Bishop JM, WUliams SM, Grayson BE, Smitii MS, et al. (2009) 
Maternal high-fat diet triggers lipotoxicity in the fetal hvers of nonhuman 
primates. J CUn Invest 119: 323-335. 



PLOS ONE I www.plosone.org 



13 



May 2014 I Volume 9 | Issue 5 | e98066 



Obesity and Milk Lipid Synthesis 



22. Burcclin R, GrivcUi V, Uacosta A, Roy-Tirclli A, Thorcns B (2002) 
Heterogeneous metabolie adaptation of C57BL/6J mice to high-fat diet. 
Am J Physiol Endocrinol Metab 282: E834-842. 

23. Reifsnyder PC, Churchill G, Leiter EH (2000) Maternal environment and 
genotype interact to estabhsh diabesity in mice. Genome Res 10: 1568-1578. 

24. Commerford SR, Pagliassotti MJ, Melby CL, Wei Y, Hill JO (2001) Inherent 
capacity for lipogcncsis or dictan' far rctcnrion is not increased in obcsity-pronc 
rats. AmJ Physiol Rcgul lnlc<>T Cump Plnsiol 280: R1G80 1687. 

25. Dole VP, Mcinrrtz H (1960) Alirrodciermination of long-chain fatty acids in 
plasma and lissiics. J Biol Chcm 235: 2595-2599. 

26. Folch J, Lees M, Sloanc Stanley GH {1957} A simple method for the isolation 
and purification of total Upides from animal tissues. J Biol Chem 226: 497—509. 

27. Butz DE, li G, Huebner SM, Cook ME (2007) A mechanistic approach to 
understanding conjugated Hnoleic acid's role in inflammation using murine 
models of rheumatoid arthritis. AmJ Physiol Regul Integr Comp Physiol 293: 
R669-676. 

28. Silverman J, Stone D\V, Powers JD (1992) The lipid composition of milk from 
mice fed high or low fat diets. Lab Anim 26: 127—131. 

29. Russell TD, Palmer CA, Orlicky DJ, Fischer A, Rudolph MC, et al. (2007) 
Cytoplasmic hpid droplet accumulation in developing mammary epithelial cells: 
roles of adipophilin and lipid metabolism. J Lipid Res 48: 1463—1475. 

30. Smith S, Dils R (1966) Factors affecting the chain length of fatty acids 
svnthesiscd by lactating-rabbit mammary glands. Biochim Biophys Acta 116: 
23-40. 

31. Russell TD, Palmer CA, Orlicky DJ, Bales ES, Chang BH, et al. (2008) 
Mammary glands of adipophilin-null mice produce an amino-terminally 
truncated form of adipophilin that mediates milk lipid droplet formation and 
secretion. J Lipid Res 49: 206-216. 

32. Schwertfeger KL, McManaman JL, Palmer CA, Neville MC, Anderson SM 
(2003) Expression of constitutively activated Akt in the mammary gland leads to 
excess lipid synthesis during pregnancy and lactation. J Lipid Res 44: 1100- 
1112. 

33. Russell TD, Schaack J, OrHcky DJ, Palmer C, (.^hang BH, ct al. (2011) 
Adipophilin regulates maturation of cytoplasmic lipid droplets and alveolae in 
differentiating mammary glands. J Cell Sci 124: 3247—3253. 

34. Chong BM, RusseU TD, Schaack J, OrUcky DJ, Reigan P, et al. (2011) The 
adipophilin C-terminus is a self-folding membrane binding domain that is 
important for milk Hpid secretion. J Biol Chem. 

35. Mellenberger RW, Bauman DE, Nelson DR (1973) Metabolic adaptations 
during lactogenesis. Fatty acid and lactose synthesis in cow mammary tissue. 
BiochemJ 136: 741-748. 

36. Brownsey RVV, Boone AN, EUiott JE, KulpaJE, Lee WM (2006) Regulation of 
acetyl-CoA carboxylase. Biochcm Soc Trans 34: 223-227. 

37. Barber AlC, Price NT, Travers MT (2005) Structure and regulation of acetyl- 
CoA carboxylase genes of metazoa. Biochim Biophys Acta 1733: 1—28. 

38. Rudolph MC, McManaman JL, Phang T, Russell T, Kominsky DJ, et al. (2007) 
Metabohc regulation in the lactating mammary gland* a lipid synthesizing 
machine. Physiol Genomics 28: 323—336. 

39. Travers MT, Vernon RG, Barber MC (1997) Repression of die acetyl-CoA 
carboxylase gene in ovine adipose tissue during lactation: the role of insulin 
responsiveness. J Mol Endocrinol 19: 99-107. 

40. Vernon RG, Faulkner A, Finlcy E, Pollock H, Taylor E (1987) Enzymes of 
glucose and fatty acid metabolism of liver, kidney, skeletal muscle, adipose tissue 
and mammary gland of lactating and non-lactating sheep. J Anim Sci 64: 1395— 
1411. 

41. Yang Y, Morin PJ, Han WF, Chen T, Bomman DM, et al. (2003) Regulation of 
fatty acid synthase ejqjression in breast cancer by sterol regulatory element 
binding protein-lc. Exp Cell Res 282: 132-137. 

42. Carlson CL, Winder WW (1999) Liver AMP-activated protein kinase and acetyl- 
CoA carboxylase during and after exercise. J Appl Physiol 86; 669 674. 

43. Hardie DG, Pan DA (2002) Regulation of fatty acid synthesis and oxidation by 
the AMP-activated protein kinase. Biochem Soc Trans 30: 1064—1070. 



44. Vernon RG (1989) Endocrine control of metabohc adaptation during lactation. 
Proc Nutr Soc 48: 23-32. 

45. Dils RR (1983) Milk fat synthesis. In: Mepham TB, editor. Biochemistry of 
Lactation. Amsterdam: Elsevier. 141-157. 

46. Tolwani RJ, Hamm DA, Tian L, Sharer JD, Vockley J, et al. (2005) Medium- 
chain acyl-CoA dehydrogenase deficiency in gene-targeted mice. PLoS Genet 1: 
e23. 

47. Odie J (1997) New insights inlo the iililizalion of medium-chain triglycerides by 
the neonate: obscr\'alions from a piglrl model. J Nutr 127: 1061-1067. 

48. Novak EM, Innis SM (201 1) Impact of maternal dietary n-3 and n-6 fatty acids 
on milk medium-chain fatty acids and the implications for neonatal liver 
metaboUsm. AmJ Physiol Endocrinol Metab 301: E807-817. 

49. St-Onge MP, Jones PJ (2002) Physiological effects of medium-chain triglycerides: 
potential agents in the prr\'rntion of obesity. J Nutr 132: 329—332. 

50. Ailhaud G, (iuesnet P (2001) Fatty acid composition of fats is an early 
determinant of childhood obesity; a short review and an opinion. Obes Rev 5: 
21-26. 

51. Smith S (1994) The animal fatty acid .synthase: one gene, one polypeptide, seven 
enzymes. FASEB Journal 8: 1248-1259. 

52. Lagc R, Dieguez C, Vidal-Puig A, Lopez M (2008) AMPK: a metabohc gauge 
regulating whole-body energy homeostasis. Trends Mol Med 14: 539-549. 

53. Muoio DM, Seefeld K, Witters LA, Coleman RA (1999) AMP-activated kinase 
reciprocally regulates triacylglycerol synthesis and fatty acid oxidation in Hver 
and muscle: evidence that sn-glycerol-3-phosphate acyltransferase is a novel 
target. BiochemJ 338 (Pt 3): 783-791. 

54. SpeakmanJR (2008) Fhe physiological costs of reproduction in small mammals. 
Philos Trans R Soc Lond B Biol Sci 363: 375-398. 

55. McFadden JW, Corl BA (2009) Activation of AMP-activated protein kinase 
(AMPK) inhibits fatty acid synthesis in bovine mammary epithelial cells. 
Biochem Biophys Res Commun 390: 388-393. 

56. Ha T, Hua F, Li Y, Ma J, Gao X, et al. (2006) Blockade of MyD88 attenuates 
cardiac hypertrophy and decreases cardiac myocyte apoptosis in pressure 
overload-induced cardiac hypertrophy in vivo. AmJ Physiol Heart Circ Physiol 
290: H985-994. 

57. Galgani JE, Moro G, Ravussin E (2008) Metabolic flexibility and insuHn 
resistance. AmJ Physiol Endocrinol Metab 295: E1009-1017. 

58. Jackman MR, Steig A, HigginsJA, Johnson GC, Fleming-Elder BK, et al. (2008) 
Weight regain after sustained weight reduction is accompanied by suppressed 
oxidation of dietary fat and adipocyte hyperplasia. Am J Physiol Regul Integr 
Comp Physiol 294: Rl 117-1 129. 

59. Madsen AN, Hansen G, Paulsen SJ, Lykkegaard K, Tang-Christensen M, et al. 
(2010) Long-term characterization of the diet-induced obese and dict-resistant 
rat model: a polygenetic rat model mimicking the human obesity syndrome. 
J Endocrmol 206: 287-296. 

60. de Ferranti S, Mozaffarian D (2008) 'Fhe perfect storm; obesity, adipocyte 
dysfunction, and metabolic consequences. Clin Chem 54: 945—955. 

61. Watt MJ, Steinberg GR, Chen ZP, Kemp BE, Febbraio MA (2006) Fatty acids 
stimulate AMP-activated protein kinase and enhance fatty acid oxidation in L6 
myotubes. J Physiol 574: 139-147. 

62. Kola B, Grossman AB, Korbonits M (2008) The role of AMP-activated protein 
kinase in obesity. Front Horm Res 36: 198-211. 

63. Martin-Hidalgo A, Huerta L, Alvarez N, Alegria G, Del Val Toledo M, et al. 
(2005) Expression, activity, and localization of hormone-sensitive lipase in rat 
mammary gland during pregnancy and lactation. J Lipid Res 46; 658—668. 

64. Vernon RG, Pond CM (1997) Adaptations of maternal adipose tissue to 
lactation. J Mammary Gland Biol Neoplasia 2: 231-241. 

65. Weyer C, Foley JE, Bogardus C, Tataranni PA, Prafley RE (2000) Enlarged 
subcutaneous abdominal adipocyte size, but not obesity itself, predicts type II 
diabetes independent of insulin resistance. Diabetologia 43; 1498-1506. 

66. Collins S, Surwit RS (2001) The beta-adrenergic receptors and the control of 
adipose tissue metabolism and thermogenesis. Recent Prog Horm Res 56: 309- 
328. 



PLOS ONE I www.plosone.org 



14 



May 2014 I Volume 9 | Issue 5 | e98066 



